Objective: The validation of dietary assessment methods is critical in the evaluation of the relation between dietary intake and health. The aim of this study was to assess the validity of a food frequency questionnaire by comparing energy intake with energy expenditure measured with the doubly labelled water method. Design: Total energy expenditure was measured with the doubly labelled water (DLW) method during a 10 day period. Furthermore, the subjects filled in the food frequency questionnaire about 18 -35 days after the DLW phase of the study was completed. Subjects: Twenty-one healthy, non-pregnant females volunteered to participate in the study; only 17 subjects completed the study. Results: The group energy intake was on average 10% lower than the energy expenditure, but the difference was not statistically significant. However, there was a wide range in reporting accuracy: seven subjects were identified as acceptable reporters, eight as under-reporters and two were identified as over-reporters. The width of the 95% confidence limits of agreement in a Bland and Altman plot for energy intake and energy expenditure varied from 7 5 to 3 MJ. Conclusion: The data showed that there was substantial variability in the accuracy of the food frequency questionnaire at the individual level. Furthermore, the results showed that the questionnaire was more accurate for groups than individuals.
Introduction
In epidemiological studies self-administered food frequency questionnaires are frequently used to assess habitual nutrient intake and to rank subjects according to intake. Poor validity of the questionnaire has implications for the interpretation of studies on diet and health. A key problem is how to identify those individuals who have provided data of poor quality, which can include under-or over-reporting.
In validation studies data from food frequency questionnaires have often been compared with data from a reference method, eg weighed food records or repeated 24 h recall. However, these reference methods may also be subject to error. To date, there are only a limited number of objective measures that are sufficiently precise and unbiased in themselves to validate dietary assessments (Bingham, 1991) . Under conditions of weight stability, energy expenditure provides an estimate of energy intake that can be used to assess the validity of results from a dietary assessment method. The method of choice for estimating free living energy expenditure is the doubly labelled water (DLW) technique (Prentice, 1990) .
Energy expenditure obtained using the DLW method has been used to validate energy intake, calculated from food records, diet recalls and diet history, in several studies (Black et al, 1991 (Black et al, , 1996 (Black et al, , 1997 (Black et al, , 2000 . These studies have identified considerable bias towards underestimation of energy intake.
However, there have been relatively few studies comparing energy expenditure measured by the DLW method and energy intake obtained by food frequency questionnaires which aim to measure habitual energy intake (Kaskoun et al, 1994; Sawaya et al, 1996; Kroke et al, 1999) .
In the present study the main aim is to evaluate a quantitative food frequency questionnaire developed for use in epidemiological studies. Energy intake estimated from the questionnaire is compared with energy expenditure measured with the DLW method in a group of healthy young women.
Subjects and methods

Subjects and design
Twenty-one healthy, non-pregnant females volunteered to participate in the study. They were selected from university students who had responded to an announcement of the project within the university area. After having been informed about the general purpose, procedure and risks of the experiments each subject gave written consent. The regional ethical committee approved the study protocol.
Total energy expenditure (TEE) was measured with the DLW method during a 10 day period, starting on days 6 -7 of the menstrual cycle. The subjects filled in the quantitative food frequency questionnaire 18 -35 days after the DLW phase of the study was completed. Bodyweight was measured at start of the DLW period. The basal metabolic rate (BMR) was measured and a second bodyweight recorded 18 -25 days after the DLW period.
Quantitative food frequency questionnaire A 11-page optical mark readable questionnaire was designed to capture the habitual food intake among adults; this contained questions about 180 food items grouped together according to the Norwegian meal pattern. The traditional Norwegian meal pattern consists of three bread-based meals (breakfast, lunch and supper) and one hot meal (dinner). The options on the frequency of consumption of particular food types vary from several times a day to once a month, with portion-size choices based on typical household units: slices, glasses, cups, pieces, spoons and ladle. A detailed description of the questionnaire has been presented elsewhere (Nes et al, 1992; Johansson et al, 1997) . Questions about use of dietary supplements, such as cod liver oil, fish oil capsules and some vitamins=minerals were included in the questionnaire. The questionnaire has previously been validated against weighed dietary intakes, fatty acids in serum and adipose tissue (Nes et al, 1992; Andersen et al, 1996 Andersen et al, , 1999 .
The daily intake of energy and nutrients was computed using a food database and software systems developed at the Institute for Nutrition Research, University of Oslo. The food database is mainly based on the official Norwegian Food Table  ( 1995) . The table is continuously supplemented with new data and supplied with information on fatty acids (Norwegian Nutrition Council, 1988) . Cod liver oil, vitamin and mineral supplements were included in the nutrient calculations.
Measurements of BMR, weight and height Early in the morning (before 7.30 am) the women arrived at the institute after an overnight fast (10 -12 h). All subjects rested for at least 30 min before oxygen consumption and carbon dioxide production were measured for 30 min in an open hood calorimetric system (Deltatrac 2 II Metabolic Monitor, DATEX, Finland).
Body weight was measured with the females wearing their underwear. Body mass index (BMI) was calculated by body weight=height-squared (kg=m 2 ).
Measurement of energy expenditure by the doubly labelled water method
After an overnight fast (day 0) the subjects received a preweighed dose of doubly labelled water followed by 50 g normal water. The dose given was 0.16 g 100%
18
O per kg body weight and 0.18 g 100% 2 H per kg body weight. Blood samples were taken before drinking the labelled water (baseline) and 3 h later. An aliquot of urine was obtained from the second voiding of the day throughout the DLW period. The plasma samples and urine samples from day 1 and day 10 were analysed for 18 O and 2 H on SIRA-10 and Series-II isotope ratio mass spectrometers (VG, Middlewich, UK) relative to a series of laboratory reference waters previously calibrated against international standards; Vienna Standard Mean Ocean Water and Standard Light Antarctic Precipitation (Haggarty et al, 1994a, b) . Fat-free mass (FFM) was calculated from the H 2 18 O dilution space assuming that body water
O space=1.01, that FFM ¼ 0.732Âbody water and body fat ¼ body weight 7 FFM. The mean proportion of water loss which was fractionated was estimated (Haggary et al, 1994b (Haggary et al, , 1997 . The respiratory quotient (RQ) was taken to be equivalent to the food quotient determined from the food frequency questionnaire. Energy expenditure was calculated from CO 2 (1=day) production and RQ using the following rearrangement of the Weir (1949) Full details of analysis, calculations and assumptions are presented elsewhere (Haggarty et al, 1994b .
Statistical analyses
To identify the validity of the questionnaire the subjects were identified as under-reporters (UR), acceptable reporters (AR) or over-reporters (OR) from their ratio EI : EE DLW . The Validation of energy intake L Frost Andersen et al 95% of confidence limits of agreement between EI and EE DLW were calculated as proposed by Black et al (2000) :
CV EI is the coefficient of variation for daily energy intake (23%), CV EE is the coefficient of variation for DLW energy expenditure (8.2%) and d is the number of days of diet assessment. Since the questionnaire refers to the habitual intake the number of days could be taken as infinity, the expression of CV EI disappears. AR were defined as having the ratio EI : EE DLW in the range 0.84 -1.16, UR as EI : EE DLW < 0.84 and OR as EI : EE DLW > 1.16. The following equation (Cole, 1997) was used to calculate sample size needed to detect a 16% difference between energy intake and energy expenditure (if we expect an energy intake of 9 MJ in this group of women 16% difference amounts to 1.4 MJ):
where
The standard deviation of energy intake is about 2 MJ, so to be sure of detecting a difference of 1.4 MJ with 80% power at 5% significance we had to include 16 individuals. Statistical analyses were performed using SPSS (9.0). The data are expressed as mean and s.d. Mean differences between methods were analysed using the Student t-test for paired samples. Results were considered to be statistically significant at P < 0.05. The agreement between methods was analysed by the method proposed by Bland and Altman (1986) , using a plot of the difference between the two methods against the average of the measurements. This type of plot shows the magnitude of disagreement, spots outliers and any trend. Furthermore, the agreement between the two methods was evaluated by Spearman rank correlation coefficient.
Results
Three subjects had higher than normal values for isotope elimination rates and implausibly low values for the DLWderived energy expenditure (EE DLW =BMR ¼ 1.10, 0.86 and 0.40, respectively). A blind re-analysis of the same samples from these subjects confirmed the initial values for energy expenditure, suggesting possible mislabelling or contamination of samples rather than analytical error. One person did not fill in the food frequency questionnaire. These four subjects were excluded from subsequent analysis. The characteristics of the remaining 17 subjects are presented in Table  1 . Isotopic data for the calculation of EE DLW are shown in Table 2 .
Information on the EE DLW and reported energy intake and the difference between the two methods is shown in Table 3 . The accuracy of the reported energy intake was calculated by expressing the ratio EI : EE DLW . There was a wide range in reporting accuracy; seven subjects were identified as acceptable reporters (AR), eight as under-reporters (UR) and two were identified as over-reporters (OR). The group average energy intake deviated from the measured EE DLW by 7 10%. The Bland and Altman plot showing the difference between energy intake from the questionnaire and the energy expenditure from the DLW method plotted against the mean of the two methods are shown in Figure 1 . The plot illustrates the problem with both under-reporting and over-reporting of energy intake among individuals. The width of the 95% confidence limits of agreement varied from 7 5 to 3MJ ( AE 2 s.d.) indicated wide discrepancies between the two methods for individual subjects. The plot did not indicate that differences tended to increase as absolute energy intake Validation of energy intake L Frost Andersen et al increased. The Spearman rank correlation coefficient between reported energy intake and expenditure was 0.36 (P ¼ 0.15). Spearman correlation coefficients between some subject details and reporting accuracy are shown in Table 4 . Both the body weight and BMI showed negative correlations with reporting accuracy, although neither was significant. Smilarly the percentage of energy from fat from the diet showed no relation to reporting accuracy. A small mean net weight loss of 0.5 kg (P ¼ 0.112) was observed over the study period. There was no correlation between the amount of weight change and reporting accuracy (Table 4) .
Discussion
The data from this study showed that the questionnaire was more accurate for groups than individuals. The energy intake was on average 10% lower than the EE DLW while there was substantial variability in the accuracy of the food frequency questionnaire at the individual level.
Methodological limitations
A limitation in the interpretation of the results is that participants in this study were a selected, highly motivated group, including only one gender. For this reason the validity of the FFQ observed in this study may have been overestimated compared to what would have been found in a group of the general population. Moreover, the exclusion of four subjects from the original small sample reduced the power of the study. However, with a study sample of 17 subjects we should still be able to detect the difference of at least 16% chosen as a limit.
The principle behind the validation of energy intake using EE measured by the DLW method is that of energy balance. The mean weight changes in our group of subjects were small (0.5 kg), therefore the subjects were likely in weight balance. Furthermore, the short-term (10 day) EE measurement should represent habitual energy expenditure since the energy intake estimated from the FFQ should capture the usual intake from the preceding year. The participants were instructed not to change their physical activity and dietary intake during the 10 day EE measurement period. However, the observed difference between EE DLW and reported energy intake might partly be explained by the incomplete coverage of the FFQ data by the EE measurement period. The time lag between measurements of EE DLW and EI (2 1 2 -5 weeks) included in this study should not interfere with the results since the FFQ aimed to cover the dietary intake during the last year.
Within individuals, the quite large discrepancies between energy intake and energy expenditure may of course also be due to errors in the DLW method. Although there is no reason to believe that there would be any significant bias in the DLW-derived group mean energy expenditure (Haggarty et al, 1994a, b) , the technique is not perfect. Some of the within-individual disagreement when comparing the two methodologies can be ascribed to the expected variability in DLW derived energy expenditure (Davidson et al, 1997) .
Comparison between energy intake and EE DLW Several food record validation studies using the DLW method as reference method have observed a varied degree of under-reporting (Black et al, 1991) . The same has been observed in the few validation studies of food frequency questionnaires, which have used the DLW method as a reference method. In the study by Sawaya et al (1996) , comparing energy intake estimated by two food frequency questionnaires (Willett and a FHCRC=Block questionnaire) and EE DLW among 10 young women, the observed average under-reporting of 16 -28% was larger than in our study. In a similar study among 28 men and women Kroke et al (1999) observed an under-reporting of 22% on average. In 1992 we conducted a similar study to the one presented here among a group of elderly women (n ¼ 12, age 67.0 -76.0 y) using a very similar food frequency questionnaire (Andersen, 1992) . 
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In that study we observed a small over-reporting of energy intake by the questionnaire of 6% on average. Correlation coefficient is widely accepted as an inappropriate way of assessing the level of agreement between two measurements. Therefore, the mean difference is calculated to obtain information on bias in the group estimate, and limits of agreement ( AE 2 s.d. of mean difference) indicate the scatter of individual results (Altman and Bland plot). Applying the Bland -Altman plot to the energy data, we showed a mean difference with a small bias and a wide scatter of differences between self-reported energy intake and energy expenditure. The wide scattering of the differences showed clearly that some subjects under-or overreported their energy intake more than others. Under-reporting was a larger problem than over-reporting -nearly 50% were identified as under-reporters while 12% were identified as over-reporters. The limits of agreement observed in the study by Kroke et al (1999) were similar to what we observed.
Differential under-reporting depending on subject characteristics could have serious implications for risk estimates of diet -disease relations. Unfortunately our sample size was too small to detect significant determinants (Table 4) .
The ability of the FFQ to rank individuals according to energy intake was evaluated using the Spearman correlation coefficient. We observed a correlation coefficient of 0.36 between individual values for EE DLW and self-reported energy intake, which indicates no association. A higher correlation was observed among the elderly women (r ¼ 0.56, P ¼ 0.06; Andersen, 1992) . Among 10 young females Sawaya et al (1996) observed a significant association between individual values for EE DLW and energy intake from the two questionnaires; however, no association was observed among 10 elderly women. Kroke et al (1999) found a significant correlation between energy intake and expenditure (r ¼ 0.48).
From the study we cannot conclude whether the difference we discover is due to mis-reporting of food items or difficulties in reporting correct portion sizes in the FFQ. Probably both problems introduce error in the FFQ.
In summary, data from this study show that there is substantial variability in the accuracy of the food frequency questionnaire at the individual level. However, the results indicate that the questionnaire can provide an accurate measure of the mean energy intake of a group.
